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I, 
Relations between extent of upward geotropic orientation on an 
inclined plane and the intensity of the effective gravitational pull have 
been studied and formulated in several different cases.  1  The formula- 
tions depend upon the view that the limitation of orientation is deter- 
mined by the distribution of the pull of the animal's weight upon the 
muscles (of the body or of the appendages) of the two sides during 
progression.  One test of this conception is obtained by examining the 
forms of the several equations proposed as descriptive for the mechani- 
cally different instances in which the morphology  of the organisms, or 
their methods of progression, require the deduction of diverse analy- 
tical expressions.  In general, it cannot be supposed that for animals 
differing fundamentally in this respect the same empirical rules will 
be found connecting the inclination of the surface and the extent of 
orientation.  Since it is often desired to employ convenient empirical 
rules for purposes to which more rational equations do not easily lend 
themselves,  it  becomes  to  a  certain  extent  important,  as  well  as 
interesting,  to supply in this way a qualitative check upon the "reality" 
of the differences between empirical rules for orientation as found with 
different organisms. 
The orientation of such brachyurans as the fiddler crabs is partic- 
ularly  significant in this connection, since they creep sideways, and 
with the body not in contact with the creeping surface.  The lateral 
i For citations of earlier papers cf. Crozier (1928); Crozier and Pincus, (1926- 
27, a; 1927-28); Wolf (1926-27); Crozier  and Stier (1927-28; 1928-29). 
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mode of progression in relation to heliotropic movements is already 
known  (cf.  Holmes,  1908;  Loeb,  1912).  Questions  arising  here,  as 
to  the  inner,  nervous mechanisms of  orientation  may perhaps  be 
approached by the method of compounding geotropic and phototropic 
effects (cf. Crozier and Pincus, 1926-27, b; Crozier and Stier, 1928-29; 
Wolf and Crozier, 1927-28), particularly since it may be possible by 
certain treatments to force creeping to occur in a  cephalad direction 
and thus at right angles to the direction of the more usual method. 
Nor  should it be overlooked that with such  crustaceans it may be 
possible to make experiments designed to test quantitatively the r61e of 
the  statocyst  organs  in  geotropism.  Such  inquiries  require  a  pre- 
liminary study of the conduct of Uca upon an inclined surface. 
II. 
The extreme sensitivity of the fiddler crab to light made it necessary 
to work in a dark room under red light.  The eyes were covered with 
a  mixture of lamp black and collodion as an additional precaution, 
since the animals frequently respond to  "safe" light.  The creeping 
plane was of wood, about  1 meter square, over which bolting cloth 
was glued to provide a surface favorable for creeping. 
The  direction of progression  is  sideways  and  in  a  straight line. 
Starting from the center of a horizontal line drawn at the base of the 
creeping plane,  the  entire path  of progression  was  observed,  for a 
length of about 50 cm., its direction fitted by a straight edge, and the 
angle measured  with  a  protractor.  Creeping  toward right or  left 
seemed to be random, and no attempt was made to control it.  Five 
readings to right and five to left were taken for each animal at each 
value  of  a,  occasional  creepings to one side or the other not  being 
recorded in order to maintain equality of numbers.  Otherwise, all 
trails  were recorded except those in  which  creeping became inter- 
rupted or disorganized, usually because of light penetrating an imper- 
fect eye-covering, excessive handling, or slipping.  Such individuals 
were replaced in the aquarium and used again only after an interval of 
several hours. 
The angle ~ was set at random to inclinations of between 15  ° and 
70 ° ,  at multiples of 5  ° .  Below  15  °  readings were hopelessly incon- 
sistent  and above ~  =  70  °  the animals slipped.  Table I  gives the B. KROPP AND W. J.  CROZIER  113 
values of 0  at a  --  20  ° to 70  ° for one animal (No.  12,  9 )  taken at 
random.  The results with this individual are typical.  The variation 
in O is quite small.  As with other female fiddlers tested, there is no 
bias of magnitudes of response to  right or to left.  The agreement 
between values  of  O  obtained  from different individuals  (9  9)  is 
TABLE  I. 
Records of Angles of Upward Geotropic Orientation (0) of Uca  ¢ No. 12, at Different 
Slopes  of the Surface  (a). 
Av.O 
Mean 
20  25 
Left  Right  Left  Right 
30.7  29.5  45.0  45.2 
30.8  20.5  27.0  50.9 
28.3  30.7  42.6  26.2 
16.5  21.5  32.5  41.4 
18.2  32.0  44.5  37.8 
17.7 
24.90  24.24  ,38.32  40.3 
24.57  39.31 
30  35  40  45 
Left  Right  Left  Right  Left  Right  Left  Right 
43.2  34.5  39.4  37.2  57.5  48.6  53.8  64.4 
48.7  45.7  36.5  54.6  59.2  62.1  59.2  64.0 
38.2  45.~  42.0  49.8  52.0  46.3  69.8  57.4 
35.8  45.3  54.0  44A]  55.2  49.6  68.5  65.7 
40.6  42.4  50.0  55.C  51.8  46.3  62.3  66.3 
I 
41.30 42.7C  14.38 48.12  55.14 50.58 i62.72  k]. 56 
42.00  46.25  52.86  63.14 
50  55  60  65  70 
Left  Right  Left  Right  Left  Right 
79.5  76.3  82.5  '9.6  80.5  83.2 
73.6  78.2  r6.6  ~0.4  84.1  81.0 
79.5  81.4  82.5  ~3.7  82.3  79.5 
74.8  '8.7  77.8  ~1.7  79.0  83.6 
74.7  76.5  76.7  79.5  78.5  ~0.0 
Left  Right  Left  Right 
59.8  62.7  75.4  69.9 
69.8  65.4  69.8  79.9 
60.2  63.8  74.6  73.5 
65.5  70.4  75.7  72.1 
65.2  59.1  68.8  75.7 
Av. 0  64.10  64.25'.72.86  74.22  76.4278.2279.22  ~0.9880.88  61.58 
64.19  73.54  77.32  80.  Mean  10  81.23 
shown in Fig. 1.  That effects of handling were successfully eliminated 
is shown by the fact (of.  Crozier and Stier,  1927-28;  1928-29)  that 
when the creeping platform was tilted after the animal had begun to 
move upon it, values of e  were obtained agreeing precisely with those 
already recorded.  Thus, with No. 9, tilting the surface to 30  ° gave a 
mean O of 39.59°; to 60  °, 0  -- 76.47 (el. Table I). 114  GEOTROPIS~  OR  FIDDLER  CRAB 
III. 
With female fiddlers the orientation angle 0 is the same regardless of 
the  right  or  left  direction  of  the  path.  For  the  males,  normally 
asymmetric as regards the position of the enlarged chela, this is not the 
case (Table II;  Hg. 6).  The means of right  and left values of 0  for 
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FIG. 1.  Mean magnitudes of ~, the angle of the geotropically  oriented path of 
progression, for female fiddler crabs on a surface with slope a°; each point is the 
average of ten readings.  The curve is transferred from that given in Fig. 2 as 
fitting the general averages. 
the males, at each magnitude of a, agree very closely, however, with 
the corresponding mean O's obtained from the orientation paths of the 
females.  The mean values of O are collected in Table II. 
The  relation of O to  a  is  most  simply expressed  by a  rectilinear 
connection of O with sin a  (Fig. 2).  A variety of other simple formu- 
lations fail to give an even approximately rectilinear plot.  This case B.  KROPP  AND  W.  J.  CROZIER  115 
is therefore similar to that of the beetle Tetraopes  (Crozier and Stier, 
1928-29),  and with it differs  sharply  from  various  other  instances t 
in which 0 is a linear function of log sin a. 
In Fig. 2 the mean values of 0  have been plotted for females, and 
for males and females, the averages being calculated as means of the 
average orientations to right and to left. 
The variability of the measured O's does not adhere to the same rules 
as  found  with  young  mammals. 1  The  differing  mechanics  of  the 
TABLE  II. 
Mean values of orientation angle 0 at different inclinations (a) of the surface on 
which Uca creeps, for (1)  9  9  Nos. 8, 9,  11,  12,  15, moving to right  and to left, 
(2)  cV o  ~ moving to right and to left, with their averages; and (3) for  o  ~ o  ~ Nos. 10, 
14, 16 with large claw on the left side, (4)  o  ~ o  ~ Nos. 13, 17 with large claw on the 
right. 
20  ~ 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
(1) 
O, ~ 
Le[t  Right 
23.17 °  19.78  ° 
32.94  32.14 
38.77  39.14 
50.33  50.12 
54.26  53.15 
60.87  59.83 
65.09  64.39 
71.55  69.20 
73.82  72.29 
76.93  76.67 
81.06  79.23 
Average 
21.48 ° 
32.58 
38.96 
5O .23 
53.70 
00.34 
64.75 
70.38 
73.06 
77.26 
80.15 
(2)  (3)  (4) 
0, o~o  "  0, o~o  ~ Nos.  10,  0, o~o  ~ Nos. 13, 17  14. 16 
Left  Right  Average 
23.26  °  18.18  °  20.72  ° 
32.97  31.78  32.38 
38.73  40.09  39.41 
45.34  44.92  45.14 
49.71  50.32  50.02 
56.88  58.22  57.55 
63.53  64.32  63.76 
72.27  70.14  71.21 
74.48  73.86  74.17 
78.39  79.33  79.22 
84.56  82.48  83.62 
Left 
21.37 ° 
33.31 
38.71 
45.01 
47.73 
53.83 
61.27 
68.20 
69.21 
71.76 
81.77 
Right 
19.49 ° 
36.57 
45.61 
49,65 
52.06 
59.04 
65.61 
68.53 
73.22 
76.43 
82.59 
Left 
25.14  ° 
32.63 
38.75 
45.62 
51.68 
59.92 
65.79 
76.34 
79.74 
85.01 
87.35 
Right 
16.87 ~ 
26.99 
34.56 
41.19 
48.58 
57.40 
63.03 
71.75 
74.50 
82.22 
82.37 
two cases leads one to expect such differences, and the mean O's have 
not  quite  the  same  significance.  To  a  reasonable  approximation, 
P.  ~.0 here decreases linearly as sin ~  increases (Fig.  3).  Such  rela- 
tionships provide an "internal"  check on the validity of the measure- 
ments. 
IV. 
In  contrast  to  the  mode  of  creeping  in  most  forms  previously 
investigated for geotropic orientation,  the body of Uca is not directly 116  GEOTROPISM  OF FIDDLER CRAB 
supported on the surface of the inclined plane.  A primary condition 
for stability will therefore be that the vertical line from the center of 
gravity of the animal must pass through the plane within the area 
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Fio. 2. Mean values of 6) for 9 9, and for 9 9 and @ @, obtained as described 
in the text, give a rectilinear function with sin a.  The same relationship holds 
for o  ~ cV deprived of the large chela.  The probable errors of the plotted points are 
less than 1  ° of arc. 
delimited by lines connecting the points of support at the tips of the 
legs.  An angle p may be defined as in Fig. 4, which is formed by the 
line connecting the tips of the most posterior legs with the intersection 
of creeping surface and the horizontal.  Since direct observation shows B.  XROPP  AND  w.  L  CROZIER  117 
that the legs on the lower side of the crab are more widely extended, 
p  >  O, and we may write 
p=o+m. 
Fro. 3.  The probable error of 0 (n  ffi 50) decreases in direct proportion to sin ¢¢. 
FIO. 4.  A--Projection of Uca on the plane of creeping; direction of progression 
indicated by arrow.  Diagramatic. 
B--Section through the vertical plane x  .....  y.  (Different scale.)  See text. 
If the height of the body above the surface, in a  direction normal to 118  GEOTNOPISM  OF  FIDDLER  CRAB 
the surface, may  be taken as constant, so that  c in Fig. 4  is constant, 
then the minimum  condition for stability may be obtained thus: 
b 
tana  =  - 
G 
a 
COS  p  =  =', 
o 
a 
hence cos o/cot  a  =  -  -- const.  --  K, if b and a  may be taken as con- 
c 
O 
5  O 
qb 
ID 
2 
0 
0.5  1.0  1.5  2.0  25 
tan  c( 
Fio. 5.  The angle 0 of upward geotropic orientation of Uca on a plane inclined 
at a ° to the horizontal satisfied the  relation (cos 0)  (tan a)  =  const.; below a  = 
30  °, the apparent magnitude of 0 is a little too high.  Solid circles, mean O's from 
measurements with  ~ 9; open circles, o  ~ o  ~.  The departure of the last point for 
the  cP series may be due to slight slipping (2  ° of arc is enough to produce this 
departure).  See text. 
stant--Le., if the relative spread of the legs is the same at all values of 
a.  Sincep=O+m, 
cosOcosm  -- sin Osln m B. KROPP  AND  W.  I"  CROZIER  119 
Taking data from the mean values of O for  9  ~, the responses for 
these being symmetrical, by substitution in this equation and trial it 
is found that computed values of K  tend to pass through a maximum 
(although the variation is not great), unless m be made quite small. 
With m  =  2  °, K  shows satisfactory constancy above a  --  30  °.  In 
fact, m may be taken  --  0, and cos O/cot a  --  sensibly const, above 
a  =  30  °.  The discrepancy below a  =  30  ° might be  presumed due 
to the fact that the orientation is not primarily controlled, at low 
values of a, by the endangering of the animal's stability, or else that 
TABLE  III. 
Mean magnitudes  of orientation  angle 0 at different inclinations  (a) of the creep- 
hag plane, for Uca  c~ ¢~ Nos. 14, 16, 17 before and after removal of large chelae. 
Nos. 14, 16 bore large claw on left side, No. 17 on right.  Trails  have been averaged 
on basis of movement with side bearing large claw "up" (i.e., ahead)or down. 
0  0 
a  With chela  Chela  removed 
Up  Down  Up  Down 
20  ° 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
18.60 ° 
31.49 
37.71 
43.06 
49.00 
55.12 
63.90 
70.21 
68.78 
76,25 
84.05 
21.18 ° 
34.11 
44.35 
49.25 
53.54 
61.00 
66,85 
70.94 
75.40 
79.45 
84.63 
20.43 ° 
32.45 
42.10 
50.74 
56.07 
63.08 
66.87 
74.11 
77.11 
80.85 
84.47 
19.18 ° 
33.78 
37.90 
46.60 
52.62 
57.65 
67.14 
70,25 
76.51 
76.77 
84.57 
the  measurements here  are  simply  too  variable  because  the  crab 
occasionally turns too far.  It is also probably the case that at low 
values of a  c is greater than at higher slopes, because the legs are less 
widely extended; this would produce the deviation as  found.  The 
result of this treatment is adequately shown by the plot in Fig. 5. 
The departures at a  --  20  °, 25 ° are within the errors of the measure- 
ments.  ~ 
It might be argued that the posture of Uca on an inclined  surface is determined 
simply by its behavior as a moving object on a rough plane.  It is difficult to make 120  GEOTROPISM OF  FIDDLER CRAB 
Satisfaction of the elementary conditions for mechanical stability 
means that a  certain class of tensions on the legs is released, namely 
those tensions required to l~revent the crab from toppling over.  Hence 
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FIG. 6.  Mean orientation angles to right and to left for 2 o  ~ @ (13, 17) with large 
claw on the right side, and for 3 (I0, 14, 16) with the large claw on the left, demon- 
strating lower 0's when creeping is toward the side carrying the large chela.  This 
relationship is obliterated when the large claw is removed. 
the result here obtained is in no sense a contradiction of the "muscle 
tension theory" of the control of geotropic orientation, but is merely 
an extension of it to a somewhat more complex case. 
refined application of this view, because of the nature of the crab's progression, but 
if we assume a "coe/ficient of friction" on the plane which acts normal to the axis of 
movement, then it can be shown that the condition for steady progression ought  to 
be  tan  0/tan a  =  const.  But  this  is not  found.  Moreover, this would leave 
unexplained the asymmetric response of normal males. B.  KROPP  AND  W.  J,  CROZIER  121 
V° 
The fact that the males of Uca characteristically bear one large and 
one small chela makes possible a  further test of the muscle tension 
theory of geotropic orientation as applied to this case.  Clearly, it 
would be expected, on the basis previously assumed, that consistently 
different values of the angle e  should result depending upon whether 
the large claw is carried in advance, that is "up," or "down."  If the 
center of gravity is shifted by the presence of the large claw, then e 
with the large claw "up" should be less than with this claw on the 
"down" side, regardless of whether the right or the left side bears the 
large claw.  And the asymmetry of response should disappear if the 
claws are removed.  In the case of female crabs no such difference 
should appear.  The average O, from trails to the right and to the left, 
taken together, should moreover be about the same for males as for 
females.  These expectations are in fact all realized. 
The records were obtained in such a  way that "right" and "left" 
trails were measured separately with each animal and the results kept 
distinct.  The mean values of 0  for males with the large claw in the 
"up" posture and in the "down" (Table III) are plotted in Fig. 6.  It 
is quite evident that 0 is consistently lower if carried "up," regardless 
of the right or left location of the large claw.  The reason for this, it is 
supposed, is that in the males the center of gravity is shifted to one 
side and anteriorly by the weight of the enlarged chela.  The males 
used weighed from 2.600  to  2.973  gin.,  their  chelae from 0.697  to 
0.795  gin.  So large a proportion of the total mass being located in 
the fiddle, the center of gravity must be more anterior than in the 
females.  Hence, to obtain stability, it is not necessary to turn through 
so large an angle 0 when the claw is "up" as when it is on the "down" 
side (cf. Fig. 6), or in the absence of a large claw.  (It has been pointed 
out previously that the mean of left and right O's is sensibly the same 
as with the females).  If this be correct, the asymmetry evident in 
Fig. 6 should disappear with the removal of the claws of the males. 
Fig. 6 demonstrates that this expectation is in fact realized. 
SUM~RY. 
On an inclined surface the fiddler crab Uca pugnax, during sidewise 
progression, orients upward through an angle O on the surface.  The 122  GEOTROPISM  OF FIDDLER  CRAB 
extent of negatively geotropic orientation (0) is a rectilinear function of 
sin ~, where a is the inclination of the surface to the horizontal.  This 
equation  differs  from  that  describing  the  geotropic  orientation  of 
various other animals.  The difference is traced to the fact that from 
an initial position with the transverse axis of the body horizontal the 
crab is required to turn upward to an extent such that the  vertical 
line from its center of gravity pierces the inclined surface within the 
base of support provided  by  the  legs.  This leads to  the  equation 
sec O/tan  ~  =  const.,  which is obeyed within the limits of precision of 
the  measurements.  This  type  of  control  of  geotropic  orientation 
represents an extension of the "muscle tension theory," and is in no 
sense  in  conflict with  this view.  The  assumptions  underlying  the 
analytical expression connecting 0 and a are verified by the asymmetry 
in the orientation of male fiddlers, which is shown to be due to the 
presence of the enlarged chela and which disappears when the claws 
are removed. 
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